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[57] ABSTRACT 

The invention includes methods arid compositions relating 
to calcium phosphate cements, which self-harden substan- 
tially to hydroxyapalite at ambient tempcraajre when in 
contact with an aqueous medium. More specifically the 
cements comprise a combination of one or more sparingly 
soluble calcium phosphates other than teiracalcium phos- 
phate with an aqueous soluiion adjusted with a base to 
maintain a pff of cbaut 12,5 or above having sufficient 
dissolved phosphate salt to yield a solution mixture wiih 
phosphate concentration equal to or greater than about 0.2 
mol/L. 
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BACKGROUND OF THE INVENTION 
I. field of the Invention 

Tbii invention relates to calcium phosphate compositions, 
including cements and pastes, and to methods for making 
and using them. In its preferred form, the invention relates 
lo methods for maldng hydrpxyapaiite forming cements and 15 
pastes without the necessity for employing tetraealcium 
phosphate as a precursor. 

;i. Description of Related Art 

In the area of dental cements, the prior an includes a 20 
number of compounds. Some such cements, however, in> 
taifl Ih: pulp and art unsuitable for applications where the 
cement must come in contacL with exposed pulp. Guide to 
Deotal Materials and Devices. 7th Ed. (ADA 1974) p. 49, 
Qms section to thxa problem is a cement made of materials 
similar in composition to tooth and bone mineral, since this 23 
would not irritate the living tissue, ii has been known for 
some time that hydroxyapatke mate rials have the basic 
pro penes of human bones and teeth. 

The use of |3-Ca 5 (PO fl ) z was suggested for pulp capping 
in JDtMfccII ct al., "Development of Ceramic and Ceramic 30 
Composite Devices for Maxillofacial Application" J. 
Biomeil MaL Res. 6:345-361 (1972); and the use of 
^(POjjO was suggested by Brown and Chow in IADR 
Abstract No. 120. J. Dent. Res. 54:74 (1975), as a possible 
pulp Kipping ageni. Ai described in the latter, Ca^FQ^O 35 
hydroi^es to bydroxyaparite. Such single calcium phos- 
phate cements are incapable of setting to a .hard consistency, 
however, without an additional source of calcium. 

Though U.S. Pat No. 3,913,229 (Driskell ei al) discloses 
putty-like pastes containing a-C^po^ p-Cag(PO fl ) i7 do 
CaltPCi^ and mixtures thereof as pulp capping, root canal, 
and totith replanting materials, it is believed that none of 
these pastes hardens into 3 ccmenl 

Experience with calcium-based' implants for the replace- 
mcrt oJ' skeletal tissue has also existed for many years. Most 45 
Of tissjj implants have been in the form of prefabricated, 
sintered hydioxyapaute in either granule or block forms. 
These preparations have several drawbacks, including a 
limited abiliiy to conform to skeletal defects, particularly in 
the case of blocks; inadequate structural integrity of grandcg 50 
(wh'eh do not bond together), and difficulty in modeling the 
impl^m to the shape of missing skeletal tissue with both 
blocks and granules- The block form of hydroxyapatite 
provides strucmral support, but among other complications, 
must bti held in place by mechanical means t which greatly 
limir.s iis use and its cosmetic results; and it is very difficult 55 
to sa w t. shape such that it fits the patient's individual defect. 
The granular form produces cosmetically better results, but 
has a very limited structural stability and is difficult to 
contain during and after a surgical procedure. In general, all 
of these products are ceramics, produced by high tempera- w 
nire smlering, and arc not inmvidualjy crystalline, but rather 
have their crystal boundaries fused together. These cerarric- 
type mEtcrials are in general functionally biologically non- 
absorbable (having an absorption rate generally noL exceed- 
ing on the order of 1 % per year). fi5 

A porous, non-res orb able material based on coral allows 
incergrowth with bone, but ultimately becomes only 



approximately 20% bone with the remaining 80% subsisting 
as scar tissue. HA RESQRB made by Osteogen is a form of 
absorbable hydroxyapatitc, but is not a cement It is granular 
and not adhesive. HA RESORB h loosely rather than 
adhesively packed into pi ace. For large uses, it is replaced by 
bone too quickly. In the denial materials market, HAPSET 
is a composition of calcium phosphate granules and cement- 
able plaster of Paris (calcium sulfate). This material is not 
truly a hydroxyapatiie and comaing too much calcium sul- 
fate for most biological uses. The Calcium sulfate component 
Of such a composition is resorbable, but not the calcium 
phosphate granules. 

In sum, the commercially available hydroxy apatite mate- 
rials arc in general not resorbable with accompanying 
replacement by bone, and are not self-setting (self-harden- 
ing) cements. 

The patent literature, does, however, describe at least one 
Class of calcium phosphate cement compositions which arc 
precursors for the formation of hydroxyapatiie and are 
biologically compatible, and have two unique properties 1 
that are not attainable in other calcium phosphate biomatc- 
rials: 0) self-hardening to form a mass wiih sufficient 
strength for many medical and dental applications, and (2) 
when implanted in bone, ihe cement resorbs slowly and is 
completely replaced by new bone formation with no loss in 
the volume or integrity of the tissue that receives the 
implant See U.S. Pat. Nos. Re. 33,221 and Re. 33,161 10 
Brown and Chow, which teach preparation of calcium 
phosphate iemmcralizarion compositions and of a finely 
crystalUne. non-ceramic, gradually resorbable hydrrnyapa- 
tite cement based on the same calcium phosphate composi- 
tion, 

A viraially identical calcium phosphate system which"! 
consists of tetracalcium phosphate (TTCP) and monocal- 
dum phosphate <MCP) or Its monohydratc form (MCPM) 
was described by Conscmtz et aL (U.S. Pel Nos. 5,053,212 
and 5,129,905). This cement system is believed to involve 
conversion of the MCP to dicalcium phosphate which reacts 
with TTCP and forms hydroxyapaiite (HA), the major 
mineral component of teeth and bone, as the end produce^ 

Constaniz et al. U.S. Pai_ Nos. 4,8BO,olO and 5,047,031 
describe another cement system thai consists of a mixture of 
solid phosphoric acid crystals, calcium carbonate, and cal- 
cium hydroxide as the cement powder and a 7.4 mol/L 
NaOH solution (4.5 g NaOH in 15 mL of water) as the 
cement liquid. Data on the physical and chemical properties 
(compressive strength, hardening time, nature of end prod- 
uct* pH of me cement fluid, heat of niixing etc.) of this 
cement have not been located in the patent or scientific 
Htcraiure. 

The major components of the calcium phosphate retain re- 
alizing shames, pastes and cements taught in U.S. Pat. Nos. 
Re. 33,221 and Re. 33,161 are preferably tetracaldum 
phosphate (Ca^CPO^O), and al leaRt one other sparingly 
soluble calcium phosphate, preferably dicalcium phosphate 
anhydrous (CaHPOJ, or dicalcium phosphate dihydrate 
(CsHHV 2I-I20). These react in an aqueous environment to 
form hydmxyapariLe, the principal mineral in teeth and 
bones, as the final product. Because of the apatitie nature of 
the set cement, it is highly compatible with soft and hard 
liaaues. This material, if applied intraoperativcly as a paste, 
subsequently sets to a structurally stable implant composed 
of rnicroporous hydroxyaparite. 

SUMMARY OF THE INVENTION 

The materialti of Brown and Chow U.S. Pat. Nos. Re. 
33,221 and Re. 33,1 til, while highly useful, arc relatively 
expensive because of the cost of tetraealcium phosphaie. 
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Applicants have discovered that use of ictnicalciuni phos- 
p haze may be avoided in the preparation of the cafeum 
phosptwtc cement composition, while still yielding a prod- 
ut* which self-set* to by*oxyapatite, prodded: (!) a high 
phosphate concentration is mmntained in the precursor 
slimy solution, ancVor (2) the pH is substantially elevated 
above neutral. In particular, applicant* have diwovemd thai 
mv* °J- t P°°*phate precursor slurry without 

i j <-r; which has a phosphate concentration i n the solution 
at or above about 0.2 mol/L and/or a pH in the range of fiom 
ao due 12.5 to about 14 results id a cement which sets reliably 
eniquickly to HA without the use of tetraealcium phosphate 
in toe precursor mixture. Applicants have also discovered 
ttetthe rate of conversion to HA is unchanged for calcium 
phosphate cements prepared by this meihgd and setting 
aires are improved. The setting rate can be adjusted far 15 
vaiiOtts end Uses, and may be quite rapid if desired The 
inventive hydroxyapatite cement is believed to be both 
bxDcompauble and resorbable (biodegradable) with bone 
replacement when in contact with living bone. 

IT* invention includes a method for preparing calcium 20 
phc sphMft cement compositions, which actf-barden substan- 
tial y to hydroxyapatite at ambicni lemperahirc when in 
■:outact with an aqueous medium, comprising combinine 
<ttc or more sparingly sohible calcium phosphates other than 
ictijicfllcium phosphate with ao aqueous phase having suf- « 
iici^ di^lrcd phosphate salt to yield faolution JxTie 
iviih Probate concentfaiion equal to or greater than about 
0.2 mol/L. The mvention further includes a method far 
preparing calcium phosphate cement compositions, which 
self- harden substantially lo hydroxyapatitc at ambient tem- 
fierature when ui contact with an aqueous medium, com- 30 
pnsmg combining one or more sparingly soluble calcium 
pnoiphatea other than telracalcium phosphate with an aque- 
ous phase such that the pH of the solution following com> 
mnafiou is imtially in the range of about 12.5 to about 14 



cited patents to Brown and Chow teach the preparation of 
bioresorbable cements preferably £ram combinations of tet- 
racBlcium phosphate (Ca^O^O) and another sparingly 
soluble calcium phosphate compound, preferably dlcaJcfum 
phosphate or dfcalcium phosphate dihydrate. The above- 
cited^plicarion, Ser, No. 08^)30,709 teaches the prepara- 
tion of calcium deficient HA from specially prepared and 
stored tetrscalcium phosphate and another sparing liable 
caJaum phosphate compound. 

The inventive method described and claimed herein 
results in cements which are characterized by many impor- 
tant advantages as compared with Traditional IrydWyapaiiie 
materia^ and which are significantly less expcnsivT than 
those of Brown and Chow and of Ch™ and Takagi cited 
above. 1 

An object and advance of rhc present Invention is the 
provision of a method for preparing a self-setting calcium 
phosphate cement which results in particularly rapid setting 
01 inc cement. 

A fanner object and advantage of me invention is the 
provision of a method for making a calcium phosphate 
cement which employs less expensive starting materials than 
pnor art cements or comparable properties. 

Further objects and advantages of the invention include 

,?? eil i mixturea P^P^ b y the inventive method, the 
methods of using the cements, and the products made from 
them embodying the characusristics set forth above. 

Additional advantageous attributes of the inventive 
cement include the following; 

The cement is easy to use and can be readily modeled to 
accurately icconscnictbony cavities and missing bone and to 
r ^ oa ^^ ou r d&fe *s of relatively non-stress bearing 



*^V* , im W thc of 61,0111 to Bb™t 14. Th fe ccme ? OT P^* consistency enables the hydroxya- 
™J eIy ' to™*™ method may involve utilization paCl£c 10 to the contours of a defect The 



of onto, these sets of conditions simultaneously. 

^invention further contenrolaits the improved calcium 
pnosphate cement mixtures prepared by this method the 
^°!f 0inpone,lt(B> P^ded * ^ user in a premanu fac- 
tticd fat or delivery device, the methods of uW fcc 
lEipnivcd eoncnt, and the biological implants made from 
the eanenL A self-haidening industrial Cement is also con- 
tempiaiedL 

Tb B techniques previously cwmmercjaUy available for 
repair of cranio- and maxillofacial defects, periodontal 
defects, bone fractures and other dental and orthopedic 
defects which could not be successfully self-healed relied 
hcavt[y on the use of metallic and ceramic inserts and 
piosthesps which might remain indefinitely as foreicn 
^ of a »wman or veterinary patient. As 
^lJ a0f ^ suflfcicd from a host of 

relatc.1 problems, includmg possible rejection, sites for 
inject on , stnictunl failure, injury to neighboring tissue and 

nSh?^ ^ S « 10 ^ are hLperedby 

prttblcms such as infection and corrosion. Polymers such as 
^coik, PROPLAST, ^niethyl-memactylai/are eneapsu^ 
laM by scar tissue resulting in significant rates of implant 
inf^on and/or extrusion. Biologic maicrials, such as 
otogenous bone grafts, my cause doner site morbidity, 
may suffer from significant post-implantation resorption, 
ancl ar= difficult to accurately conform to skeletal defects 
U5. fat, Nos. Re. 33,221 *nd Re. 33,16] and pendiW 
W^ttion Scr r no. 08/030,709 offer the alternative of a 

w^??^ calcium P h ospHate cement which is 
bia^mnjatiblc and which when implanied in contact with 
livlig bonc is largely if not completely replaced by new a 
bone fiirmauon, with no significant loss in the volume or 
mtegnly of the tissue that receives the implant The above- 
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ccmeni .can be appbed to a defect, e .g., wim a spatula, can 
wTsS^ ^ ^ hold it B shape satisfactorily 

The inventive cement sets at ambient temperature e e 
room or body temperalurie, unlike the ceramic-type calciuln' 
phosphate cements which mum be arintered at high tempera- 
ture m a process that fuses individual hydroxylase crys- 
tals to each oihcn The cement setting reaction for the 
1^*5 is isothfi ™c (negligiblo heat is gencr- 

any of the neighboring tissue. 

The inventive cement can be easily sculpted in vivo 
inTT^ ly) e ^ ^ 3CttiD e. Whea applied to clean, 
non-mfected bone, the cement adheres to the bone, thcr^y 
greatly increasing its possible applications. Additionally the 

™ SST ? Bm ^ U ° f ^ ?re3CnL *^ Q n are especially 
useful in m vitro apphcations, including the creation of 

a^ation? SCnefa1, ^ ™ adaptcd 10 

i ? t ?? t Cemcm re P resents a fcenly biocompatible 
tissue substitute precursor or synthetic implant material for 

Sr^T^ This biocompatibility stems from 
die fact rhat calcium phosphate crisis in bone in the form of 

ttTS^S^J 1 . 15 a cbemically iiatnrai 

material. Basically, the inventive cement in regarded by the 
body as a native material; the elevated pH whkh character- 

If'J, T l QnT ? of ^ cemcnt «pi^y imimshes to 
neutral therefore presents little threat of injury to the 

surrounding tifiSuc, 

brief Description of the drawings 

FTGS, U and lb show the solubility phase diagram of the 
^componem system, ^(OH^TO^O.rwhich both 
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iJc solid phase and the saturated solution contain only those 
iiMis or non-charged species that are arrived from the ihrcc 
components, Ca(OH) 2 , H 3 PO A and H^Q, 

DESCRIPTION OP THE PREFERRED 

EMBODIMENTS 5 

Hie complete disclosures of U.S. Pat. Nos. Re, 33,221 
nodRe. 33.161 and pending application Scr. No. 08/030,709 
are expressly incorporated herein by reference. 

Hie inventive hydfQxyapatite cement is an alternative to 10 
ttie jclf-sening cemem of calcium phosphate compounds 
devc oped by Brown and Chow and referenced above The 
preferred major components of the calcium phosphate 
cement of Brown and Chow arc tetracaldum phosphate 
HTCP) and dicaldum phosphate anhydrous (DCPA) or 13 
dicaliaum phosphate dihydrate (DCPD). These react in an 
aqueous environment co form hydrocyapatiic <HA) t the 
principal mineral component of teeih and bones, as ihe'final 

" pTDdL£L 

Thidiernical reaction ihat occurs during me setting of the 20 
T^^CPA(orTrcP-DCPD) cement dSjcribed in Brown 
and Chow (Re, 33.161 and33,221) can be represented by the 
fallovong equation: 



TT£P 



DCPA fDCPD] 



HA 



As described later, the choice of TTCP and DCPA (DCPD) 
as the cemem ingredients is important because the solubili- 
ties TTCP arui DCPA arc suc^^ 30 
is approximately saturated with respect \o both salts would 
have a slightly above neutral pH (about 7.5 to 8 J) and 
nUEasfldy high calcium (Ca) and phosphate fp) concentra- 
tions so that the solution is substantially supersaturated with 
respect to HA. Rapid HA formation and concomitant dis- « 
solaue-n of both caneoi ingredients, TTCP and DCPA. lead 
to the hardening 0 f the cement Ordinarily within 30 minutes 
or _c5s. 

nOS. la and lb show the solufc-illry phase diagrajn of the 
thrtit^omponent system, CaCOHJa-KjPO^H^O, in which 
Doth the solid phase and the saturated solution contain only 40 
tho.se ions or non-charged species that are derived from the 
thrt* components, Ca(OH) 2 , H 5 P0 41 and H,0. Each curve 
or lability isotherm, in the diagram represents the conv 
position (in terms of the pH and calcium concentration in 
FIG. til and the pH and phosphate concentration in FIG lb) 45 
of a seies of solutions that arc all saturated with respect to 
a giver. Salt A calcium phosphate salt thai has a solubility 
Motocnn that lies below mat of another salt is less soluble 
(and mote stable) than the other salt It can be seen in the 
figures thai among all calcium phosphaic salts, HA is the 50 
least sirtuble in a wide range of solution pHY rancine 
appmiinairiy from 4.5 to 14. Thus, within mis pH range 
ajy otter calcium phosphate or mixture of calcium phos- 
phates has me tendency to dissolve and repredpitaie as HA. 
Howey-a:. in general ihe rate of HA formation is very slow „ 
SJf* fl «I«ny of DCPD, DCPA, octacalcium phosphate 55 
(OCP). amorphous calcium phosphate (ACP), a-tricalcium 
phoiphsite (a-TCP), ^rriealcium phosphate (0-TCP) or a 
rmxiurc of these salts docs not produce a setting cement or 
act ts an ejftciive rcrnineralidrjg agent. 

ft has now been discovered that Ha formation in calcium 60 
pnosphEie slurries can be greatly accelerated by one or boih 
of the following factors: (1) a high phosphate conccntraiicm 
in ths slurry solution, and (2) a high degree of supenatuxa- 
tion ivtih respect to HA produced by raising the solution pH 
to ajevel where most of the phosphate is in the form of 65 
utn - Utde phosphatjS is m form of H 3 P0 4 or 



_ It is bebeved thai chc key to the inventive cement system 
I s T< ? provide effective means to accelerate the HA formation 
in the slurry systems that do not contain TTCP. This can be 
achieved by producing and maintaining a high phosphaic 
concentration (e.g., Q.2 mol/L or higher), a high degree Of 
sutosamration with respect to Ha by raising the solution 
pH to about 12^ or above, or both. It is noted that in all 
cases, the pH of the slurry must be in the range of approxi- 
mately 4.5 to 14, the range in which HA is the most Viable 
phase. Once this is achieved, rapid HA formation and 
subsequent cementation can occur in practically any calcium 
phosphate shimes. Described below arc approaches 10 attain 
hi$h phosphate concentration and high degree of HA suucr> 
aanrranon in ihe slurry solutions. 

In one embodiment, the invention involves producing and 
inamtagning a high phosphate concentration in the calcium 
phosphate slurry solution. Contrary to what appears to be the 
most obvious method 10 achieve the goal, adding phosphoric 
aad to a calcium phosphaic slurry is not the method of 
choice to increase the phosphate concentration 10 0.2 mol/L 
or higher. This is because as long as the slurry solution 
remains as a three-componem system, Ca(OH) 2 -H 3 PO - 
H 3 O t the phosphate conccrtfration is limited by the sclubfflry 

SSSrSSf SL chc solid mar i5 m ^toct with the solution 
(FIG. lb). Thus, after adding 0.2 mol/L of phosphoric acid, 
- f Of the slurry would drop to sigitificandy below 4 S 
lnluaJly. As ihe caldum phosphate CrySiaJs dissolve and pH 
increases, the phosphate concentration would drop to below 
0.1 mol/L as the pH increases to 4^ (FIQ. Lb). An effective 
way to increase the phosphate concentration is to add a 
non-calcium-contafnjng salt of phosphoric acid that is suf- 
ficiently soluble, e.g.. Na,P0 4 . N^HPQ,, or JVaH 2 P0 4 . 
Salts of other cations such as JT, NH/ f etc., would work 
equally well provided that [he cations do not Form sirgng 
complexes with phosphate to the point of rriakirie phosphate 
unavaibblc for ha precipitation* 

The reason why a high phosphate concentration can be 
maintained by adding an ar^ropriate amount of sodium 
phosphate salt is explained as follows, in the example where 
the pH is between 7.2 and 12^7. since the solution would 
always have a Na" 1 " concentration of 0.4 mol/L (regardless of 
the calcium phosphate dissolution and precipitation reac- 
tion^ that may occur), the icial anion concentration in the 
solution mast be such that the anions can provide sufficient 
negauvc charges to balance the positive charges of the NaT* 
ions. Since OH~ and phosphaic ions arc the only anions 
present in the solution, and since OH~ concentration would 
be only 0.01 mol/L even at pH of 12. most of the negative 
charges have uj be provided by the phosphate ions. Further 
because mitts pH range the dominant phosphate species is 
HPO A . the total phosphate concentration needed to bal- 
ance the positive charges of the Na" ions would be approxi- 
mately CU mol/L- ™ 
. A sscond embodiment of the invention involves increas- 
ing the degree of supersaturatiqn with respect to HA by 
increasing ihe pH to approximately 12.5 or above. The pH 
can be increased by adding a strong base, e.g., NaQH, KOH, 
etc. Ca(OrI) a by itself is insufficient to increase the IIA 
formation significandy, but it needs to be included as a solid 
component as described later. It is noted thai raising the pH 
to 12.5 or above also increases the solubility of those 
cajcium phosphate salts that have HPO^ ions in their 
stroenrrcs because at pH above approximately 12.7 ihe 
dominant phosphate species is the PO* 3 " ion. Thus for 
slurries ihai contain these salts, a high phosphate concen- 
tration can also be obiained by increasing the pH of the 
slurry solution to approximately 12 or above. In contrast, 
raising the pH would not be effective in increasing the 
phosphate concanration in slurries that contain ACP 
o-TCP, or p-TCP. ' 

Regardless of which embodiment of the invention is used 
certain considerations apply to the cement setting reactions. 
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Tot formation of HA and dissolution of the mure soluble 
edcium phosphate compounds arc responsible for the hard- 
ening of the cement- Since all calcium phosphates that will 
be used in the cement starting ingredients have Ca/P molar 
ratio below 5/3, the Ca/P ratio of HA, an addirional source 
of calcium is needed to form HA as the dominant cement end 
product. For eaample. Cafttttfo CaO and CaCOg can be 
used for this purpose. To achieve complete conversion to 
H\, the cement should contain stoichiometric amounts of 
the calcium phosphate ingredients acconiing to the setting 
reliction. Given below are some representative reactions: 



10 





(3) 


3CaHP0^2CaO-»CB. 5 CPC>4)i OH+HzO 


<*> 15 




[S> 




(6) 




f7J 20 




(A) 


EXAMPLES 1-58 





Calcium phosphate cements were made using the methods 15 
of the preseni invention a$ follows: 

A calcium phosphate cement powder was prepared by 
arising a calcium phosphate salt (substantially free of let- 
racridumphoaphate) such as DCPA. DCPD, a-TCP or ACP 
with an additional source of calcium such a* CaC0 3 , 30 
Ca^OH^, or CaO. These calcium components may be mixed 



8 



as received from vendors or ground to smaller particle size. 
TkhJc I below provides examples of specifications far par- 
ticles size of the components, 

The. calcium phosphate cement of the present invention 
was made by mixing 0.3 gram of calcium phosphate cement 
powder with 0.075 ml* of an aqueous solution of a non- 
caJcium containing salt of phosphoric add. with powder to 
liquid weight ratio (P/L) of about 3, such as 1M Na a HP0 4 
Cf7L=3) f 0.5M NazHPO* (p/L=3), 5M (NH^HP0 4 (PVL= 
2.5). IN NaOH and 4N NaOH solutions were also used to 
formulate the cement To allow lesung of the setting time 
and strength of the cement, the mixture was spatula ted on a 
glass slab fur 30 see, and placed m a stainless steel mold (6 
mm dx3 mm h). The top and bottom surfaces of the mold 
wen? tightly covered with glass plates and the mold was 
placed in a 100% humidity box kept at 37° for 4 hours- Tbc 
sample was removed from tbc mold and placed in a small 
amount of water for 20 hours. The diametral tensile strength 
(DTS) was measured with the use of a Universal Its ting 
Machine (United Calibration Corp., Garden Qtove, Calif,) at 
a crass-head speed of 1 mm/muL The results of the settings 
tunes and the DTS testing are recorded in labia II, 

Powder x-ray dttffraciion (XRD) measurements were 
taken of the samples to measure the conversion to HA, The 
samples were nm ground into a fine powder form by hand 
grinding with the use of a mortar and pestle. Approximately 
0.25 grams of sample was placed on the sample bolder. A 
comfju ter-coimolled powder x-ray diffir&ccometer (Rigaku, 
Daavers, Mass.) with CuKct radiation generated under the 
conditions of 40 ky and 25 rnA way used to obtain tbc XRD 
patterns. Dam. were collected in the 2 0 scanning mode using 
a atop width of 0.01° and count time of 1 sec. 



TABIyE I 



Des capital 



Median particle 
sbfi (pm) 



DCPA Di«&iettaa pbospbnle nnhydtflus (TT Biker. In?.) 

(CaHFOt) 

DCPA (s> DCPA ground m 95% ctixmol in a plasaony mill 

Ca(OH)a. Cnlcmfll hydrwiide <F«bcr Sefaniific Co.) 
(CWOttW 

GtCOH^ (e) CsJOHh Ground in cydohwcDne lot & h 
CaO Cflteiua aside (CfiRAOPURE. fcwj 

(CaO) 

CaOOj Cftlrium Cffitemte (IT Bakwj 

C&Ca 3 (g) CaOO} gewnd ia CydobcKart: Ear 16 h 
cr/TCP a-riealovm phosphate 

a-TCP (e) «.TCP ground in cycl&hnoce for 22 h 
aCp Amorphous calcium pluisphaifl 

DCPD PiMstdmn pfewphaa dihrfnnc 

(jx^porcd in qui lahttaiqry) (CaiHPO A JHzQJ 
DCPD (g) DCPD giwind in cthfifldl fbr 24 b 



US 

0.& 

4.5 

136 
5.77 

255 
12.5 

0.63 



TABLE XI 



Properties of Cwneiit and ConrpnrBilve Pgmmlailops 



Example SoHd Camponenu 



Liquid 



Setting 

P/L h'me 



DTS (MP*) to MA 



DCPA + atOH)j 
j DCPAtel+CofOH), 

2 DCPA (g) + CfttOHt 

3 DCPA<Kj+Ca<0K)3 

4 DCPA Ce) + CafOH), 



0JMNaaHPO 4 3 7 3^9 

lMNbHPOj 3 5 i.4 

JMNajKPO-, 2,5 5 3.7 ± A 

5M CNH^JbHPO* Z5 5 Z5±.2 



-WOfrHA 
90* +■ DCPA 
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TABLE H-continued 



Fra perries of Cement and Cnnpaf alive Forrnulsiiom 











Sulfas 




Qjrivcfiion 


Exumplc Snfcd ConiponcniA 


Liquid 


P/L 


tPIDC 


DTS (MPs) 


» HA 


S 




IK NAQH 




u 


2,6 i .8 


-100% HA 


6 




4N NAOH 


3 


10 


3.9 




7 


DCPA(B) + CatOH)i 


4N" NAOH 


2.5 


5 


1.5 




8 


DCfA + CaCOM)! 


IM Na,fIPOi 




g 


1.2 ± .2 


HA+ DCPA 


9 


t)CPA 4- C3(0H>j 




3 




.72 




to 


DCPA+CqtOH)! 


4N"NAOK 


3 


12 


Z3 


100% Ha 


11 


DCPA (e) + Ca(OH)jC£) 


IM Ns^HPQi 


25 


10 


3.9 i .2 


95% HA 


12 


DCPA (g) +■ CA(Dh£($) 


IN NaQH 


2.5 


4D 


1,6 ± J 


95% HA 


13 


DCPA + QiO 


IS mM H 3 P0 a 


IS 


30 






.4 


DCPA + C*0 


IM NajKPO* 


3 


10 


12 ±0.2 




55 


DCPA + CaO 


IN NaOH 


3 


22 






16 


DCPA + CbO 


25 tnM H-jPO^ 
IM N^HPC^ 


3 


AO SCttlQ" 






17 




2,5 


10 


2.0 ± .03 


90% HA 


IB 


DCPA (k)* CaO 


IN NAOJl 


2.5 


10 


1-7 ± .5 


70ft HA 


19 


DCPA tfi) + CoO 
DCPA+CcC0 3 


35 mM H3PQ4 


2,5 


30 






20 


dcpa^ + chco, 




2.5 


>Z h 


1.1 


]0%1-1A 


21 


DCPA (s) ■+ CbC0 3 
DCPAfe) + CflOD a (g) 




4 




1.6 




Zl 


IM NbjHPO^ 


3 


20 


1.5 ± 2 


9$% Ha 


2) 


DCPA CE) + OCXS (g) 


IN NaOH 


3 


60 




90% Ha 


21 


DCPA Cg) + CaC0 3 is) 
a-TCP and C?0 


«tJ nun 


3 


no SCltlug 








C-TCP + CaO 




2.3 


2h 






2'i 


^TCP + CaO 


lNNftOH 


2J 


2h 


0,8 


909b 


T 


a-TCP t CzO 




2.5 


3 ll 


1.7 


95% 


2i\ 


a-TCP+CnO 




23 


22 


1.6 




1£> 


a-TCP * CaO 


IN HO 


3 








3C' 


a-TCP (#+ CaO 


IN NaOH 


3 


10 


0J)i 0.3 




31 


a-TCP (jj) + CaO 




3 


no scivinj 






32 


a-TCP (g) + CaO 
fit-TCP + QKOH)! 


urn ix^gnru,^ 


3 


20 


q 9 ± 0,4 






a-TCP + Cfi(OK^ 


IM N&JiPft 


25 


imi netting 






» 


a-TCP + Ca(OH) 2 


in nauri 


n ^ 


no sciUng 






35 


a-TCP + C^0H)2 




25 








36 


C5-TCP fe) + Ca(OH5i 


IM NAjHPOa 


3 


20 


1.3 ± .2 


99% 


. 37 


a-TCP (gJ + GtfOHk 


INNaOfl 


3 


selling 






33 


a*TCP (g) + Ca(OH)j 


25 mM H,P0 4 


3 


no tetb'ng 






39 


a-TCP + CotOHJi (g) 




3 


I day 0.2 






40 




IN NaOH 


3 








41 


a-TCP + C^OEOz 




3 


20 


2.7 1. 2 




<2 






3 


20 


1,8 ± J 




43 


a-TCP^ + CflCOH^g) 
n-TCp+ CaC0 3 


25 tnM HjPO^ 


3 


no selling 






44 


a-TCI" + QlCOj 
a-TCP + C&CO, 




3 


1 day 1.4 






45 


IN NaOH 


3 


dc seed oh 






«a 


ct-TCP (g) + CaCOa 


IM Nd,HP0 4 


3 


20 






47 


^TCP { H ) 1- CaCQ, 


in NaOH 


3 


30 


2.7 t J 


95ft 


48 


ot-TCPCeJ + CaCO, 


25 iriM K a P0, 


3 


oft setting 






45 


a-TCp + CaCOj(-3 




3 


1 day 






90 


a-TCP + QCO3 (6> 


IN NaOH 


3 


TO scaisg 






51 


(t-TCPCg) + CflCO a (^) 


IM NfliHPO* 


3 


20 


7.5 ±.5 




52 


n-TCPfc) + O1CO3CS) 


JN NiOH 


3 


75 - 


2.7 +.6 


99% 


S3 


o-TCP(3) + OiC0 3 (b) 
ACP + CafOHJb 




3 


15 


3.7 ±1.3 




54 


ACP + CatOBfe 


IM Na 2 HP0i 




IS 


,14 




55 


ACP + CafOH), 
Thtco-Caxoponeni 






25 


-0 




.ft 


DCPA<a) + ^oHi l + 
CaOP, 

DCPD+Ctt(OH)s 




23 


12 


3.9 


HA + CnC0 5 


!!7 


DCPO(S) + CB(OH) 3 (g> 




3 


10 


1.5 ±0.3 








IN NaOtt 


3 


21 


2.0 i 0.4 





Aiidiiional data points on DCPD+CatOHk cement indi- fio 
cate that DCKl ii very similar to DCPA in terms of the 
iesultinii cement properties. It 15 believed that OCP sening 
will jjcnwaUy be slower. p-TCP is considered to be che least 
desirablji calcium phosphate salt to be used in the invention. 

While the liquid phaiC that must be used with the new 65 
cements may be less biocompatible for cercuii clirdcal 
application^ and at present lhc strength t)f thfc inventive 



cement is lower than the best values obtainable for the 
TTCP-cQfltairurig calcium phosphate cement, the new cal- 
cium phosphate cement is believed highly useful hi most 
applications. The inventive hydroxyapaite ccajcnt is suffi- 
ciently flttucmraUy smble for reconsuuetion afld augmenta- 
tion of relatively non-3Ues9-bcanfig bony tissue, although 
without augmentation, it may not h*vc sufficient shear- 
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strength resistance to function in ihc reconstruction of 
stress-bearing boncg. 

The inventive cement may be supplied to the user in a 
vsiriciy of forms, including as powders or as a powder 
mixture which is later mixed with the liquid diluent to make s 
putty; or as a pro-mixed putty which may contain a non- 
aqueous extender, e,g„ glycerin and/or propylene glycol. It 
m xy be supplied with or in the instrumentation which is used 
to introduce the cement into the body, for example, q 
syringe, percutaneous device, "gun", cannula, bwcampafc- ]0 
ible packet, dcntala, reamer, file, or other forms which wfl] 
be apparent to those of ordinary skill in the art. It is 
contemplated that the cement, in any of these forms, may be 
mjkde available to the surgeon, veterinarian or dentist via a 
kit containing one or more or its key components. The 
cement is generally provided or employed in a sterilized 15 
condition. Sterilization may be accomplished, e.g., by 
gamma-ray radiation, typically at a dose of 23 Mrad." 

'[he inventive cement may be employed in a variety of 
medical, dental and veterinarian procedures to substitute for 
mittsing or defeciivc bone or tooth tissue. For example, it is 20 
contemplated that the cements of ihcpreacotinvention'iriay 
be used m place of any of the cements known in the prior an 
as: (J) cavity base* and liners to protect the pulp, (ii) 
maieriajs for capping exposed pulps, (ih> rnaierials io „ 
ncpiace or promote regeneration of bene mineral lost due to 
periodontal disease, (iv) direct filling materials (may be 
temporary) that have phy$ical properties similar to enamel 
iuid are adhesive to enamel and dentin, (v) a cement to build ' 
up dvcolarridgcs io edentulous patients, (vi) an endodontic 
Idling material for root canals, (vii) a material to cement 30 
retention pins, (viii) a material for filling sockets after a 
tooth extraction, (ix) a replacement of bone that has been 
removed surgically or lost due to trauma, (x) a cement for 
Ranting or replanflog leeth, (jd) a luting cement in 
dentistry and orthopedic surgery, (xii) an investment mold 35 
mactirial, (rfii) a material which will promote bono mineral 
in iti vicinity, (xiv) & iemmcralizte^ polish for use in place 
of pimice, and (xv) a root cement for reminerallrirxg and 
desensitizing of exposed root surfaces, (xvi) a cement for 
orthopedic prostheses, (xvii) a tooth implant, (xviii) a device 
for percutaneous passage of tubes, wires and other medical 
iristninienta through the skin, (xxix) a replacement material 
for bone loss due to abaccss and (xxx) a self-setting cement 
for binding non-self-seuiflg calcium phosphate biomaterials 
such as porous or non-porous HA and 3-tricalcium phos- 45 
pliat^ Reconstruction of cleft palate and other congenital 
steletal defects is contemplated with use of ihc inventive 
cement, as are other forms of reconstructive and cosmetic 
surgery. 

Various additives may be included in the uivcntivc 5 ° 
ccme us, slurries and pastes to adjust their properties and the 
properties of the hydroxyapa&e products made from ihcm. 
Fct cjiampfe, proteins, medicaments, supporting or strength- 
ening filler materials, crystal growth adjusters, viscosity 5S 
modiiiers, pore fenning agents, osteomductive factors such 
as demoralized bone, hone monogenic proteins and 
otlter additives may be incorporated wiihoutdeparting from 
the; scope of this invention. Tbc referenced filler materials 
mty include non-toxic biocompatible natural or synthetic 6Q 
po.ymers, non-toxic biocompatible metals such as qtamkira 
mesh, or other non-toxic Mqcompacible organic and inor- 
ganic ;naterials. These filler* can be in the form of granules, 
fibisrs, rods, sheets or grids. These filler materiali; enhance 
the strwigm of the cement. ej 

In iddition* the referenced pore forming agents create 
poies or channels sufficiently large to cause vascularization 
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of tissue which infiltrates the cement once placed in the 
body. Such pore forming agents are preferably substantially 
insoluble in the cement and can be removed by cither 
rcsorbsioii into body tissue, dissolution in physiological 
fluids, dissolution in solvents or hearing after the cement has 
hardened. The pore forming agents may Include sugar. 
Sodium bicarbonate and phosphate salts. The phosphate salts 
arc effective pom forming agents because the use of con- 
centrated phosphate 301udons in the cement makes them 
relatively insoluble in the cement. A particularly useful 
phosphate salt is disodium phosphate. 

An additive of particular significance in dental applica- 
tions is fluoride containing compounds. When fluoride suits 
such as NaF, CaP* SuF^ No^F crNa^SiF* are added in 
sufficient quantity they increase the rate of formaiioxi of HA 
and fluorapatite. Preferably, the calcium phosphate cements 
wdl have a fluoride content of about 3.8%. 

Other especially useful additives are seed crystals of HA 
or fluorapatite and gelling agents. Adding a sufficient quan- 
tity of crystals of HA or fluorapatite to the cement increases 
die rate of conversion to HA and thus reduces the setting 
time of the cement. Gelling agents such as hydroxypropyl 
methykclruloae. carboxyl methyleellulose, starch, pro- 
teoglycans and glycoproteins have the effect of causing 
more rapid rwdening of the cement 

The novel Implants thus prepared are also contemplated 
as part of the present invention. Where such implants contact 
living bone Tissue, it is believed that the lack of fusion of the 
hydrcxyapatite crystallites resulting from rbe setting reac- 
tion of the inventive cement will allow osteoclasts to slowly 
resort) the implants over time. 

While the primary benefits of the present invention are 
believed to relate to dental, medical and veterinary applica- 
donsp it is also contemplated that tbc techniques may be 
employed in conjunction, with an industrial hydroxyapstite 
cement, for example, to repair damage, e.g., from ccrrosipn. 
to marble and other stone aidclea. 

It should be understood that the foregoing disclosure 
emphasizes certain specific embodiments of the invention 
and that all modifications or alternatives equivalent thereto 
arc within the spirit or scope of the invention as set forth in 
ihc appended claims. 
What is claimed is: 

1. A method for making a calcium phosphate cement 
which self-sets to hydroxyaparitc as the predominant prod- 
uct at ambient temperatures comprising (1) preparing an 
aqueous rotation of phosphate having a concentration of 
about 0.2 mailt or above and adjusting the pH of the 
solution with base to about 12J5 or above, and (2) combining 
the aqueous solution with a. calcium phosphate salt having a 
calcium to phosphorus molar ratio of less than 5 to 3 which 
is other than teiracalcium phosphate, and with an additional 
source of calcium selected from me group consisting of 
calcium carbonate, calcium oxide and calcium hydroxide, in 
the absence of solid crystalline phosphoric acid. 

X A method for making a calcium phosphate cement 
which self-sets to hydroxyapatiie as the prcdornjnant prod- 
uct at qmbient tern^eratures comprising preparing a mixture 
or a calcium phosphate salt having a calcium to phosphorus 
molar ratio of leas than 5 to 3 which is other than tetracal- 
cium phosphate, an additional source of calcium selected 
from the group consisting of calcium carbonate, calcium 
oxide and calcium hydroxide, water, a non-calcium contain- 
ing phosphate salt at a concentration of about 0.2 moIs/L or, 
above and base effective to adjust the pH to about 1Z5 or 
above, in the absence of solid crystalline phosphoric acid. 
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3. A method For making a calcium phosphate cement 
whicih self-sets to hydroxyapatite as the predominant prod- 
uct .u ambient temperatures comprising combining a cal- 
cium phosphate salt consisting essentially of dicalcmm 
photphate or calcium phosphate dihydrate, with an addi- 5 
tiorHtl source of calcium selected from the group consisting 
of ctlciiim carbonate, calcium oxide and calcium hydroxide 
aad :m aqueous solution adjusted with base to maintain a pH 
of about 12.5 or above. 

4. A meLhod for making a calcium phosphate cement 10 
which self-acts to hydroxyapatiie as the predominant prod- 
uct at ambient temperatures comprising preparing a mixture 
OK a calcium phosphate salt consisting essentially of di cal- 
cium phosphate or dicalcium phosphate dihydrate, an addi- 
tional source of calcium selected from the group consisting 15 
ofcalcimn carbonate, calcium oxide and calcium hydroxide, 
water and base effective to maintain a pH of about 12.5 or 
above 

5. A method for making a calcium phosphate cement 
wbicii self-scto to hydroxyapatite as the prcdominnnL prod- 20 
uci at ambient temperatures comprising (1) preparing an 
acucous solution of a non-calcium containing salt of phos- 
ptori 5 ftcid having a concemratioTi of phosphate of about 0.2 
mols/L or above,- and (2) combining the aqueous solution 
with a calcium phosphate salt having a calcium to phospho- 25 
ruf molar ratio of less than 5 10 3 which is other than 
teiracalrium phosphate, and with an additional source of 
calcium selected from the group consisting of calcium 
cafboiatc, calcium oxide and calcium hydroxide, in the 
absence of solid crystalline phosphoric acid. 30 

6. A method for making a calcium phosphate cement 
widen self-sets to hyd^yaparite as the predominant prod- 
uci: at ambient temperatures comprising preparing a mixture 
of a c;ilcmm phosphate salt having a calcium to phosphorus 
molar ratio of less than 5 to 3 which is other ihan tetracal- 35 
cium phosphate, an additional source of calcium selected 
from ihe group consisting of calcium carbonate, calcium 
oxide and calcium hydroxide, water and a non-calcium 
obtaining 5a ]t of phosphoric acid at a concentration of 
phusphate or about 0.2 moIs/L or above, in the absence of 40 
solid tTystallrnc phosphoric acid. 

V. A calcium phosphate composition which self-hardens 
to hyejoxyapatite as the predominant product at ambient 
tempej-Bture comprising a calcium phosphate salt having a 
calcium to phosphorus molar ratio of less than 5 to 3 which 45 
is ether than tetracal cium phosphate, an additional source of 
calcium selected from the group consisting of calcium 
carljonate, calcium oxide and calcium hydroxide, and an 
aqueous phosphate solution of pH about 12.5 or above with 
phcspltatc concentration of about 0_2 raol/L or above, in the 50 
absence of solid crystalline phosphoric acid. 

8. A calcium phosphate composition which self-hardens 
to hydroxyapatite as the predominant product at ambient 
temperature comprising a calcium phosphate salt having a 
calcium to phosphorus molar ratio of less iharj 5 to 3 which 55 
is O'iicr than ictnacalcium phosphate, an additional source of 
calcium selected from the group consisting of calcium 
cartKHuic, calcium oxide and calcium hydroxide, water, 
phosphate salt at a concentration of about 0.2 mols/L or 
above 2nd base effective to maintain the pH at 12.5 or above, so 
in the 2ibacnce of solid crystalline phosphoric acid. 

9. A calcium phosphate composition, winch self-hardens 
to aydioxy apatite as the predominant product at ambient 
temperature, comprising a calcium phosphate consisting 
essentially of dcalcium phosphate or dicalcium phosphate 65 
dihydrate, an additional source of calcium selected from the 
group consisting of calcium carbonate, calcium oxide and 
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calcium hydroxide and an aqueous solution having a pH of 
about 12.5 or above. 

10. A calcium phosphate composition, which self-hardens 
to hydroxyapatite as the picdonunant product at ambient 
icmperarure, comprising a calcium phosphate consisting 
essentially of dicalcium phosphate or dicalcium phosphate 
dihidrare, an additional source of calcium selected from the 
group consisting of calcium carbonate calcium oxide and 
calcium hydroxide, water and a base effective 10 adjust the 
pH lo about 12.5 or above. 

U. A calcium phosphate composition, which self-hardens 
to hydroxyapatite as the predominant product ai ambient 
temperature, comprising a Calcium phosphate salt having a 
calcium to phosphorus molar ratio of less than 5 to 3 which 
is other than tetracakqum phosphate, an additional source of 
calcium selected from the the group consisting of calcium 
carborate, calcium oxide and calcium hydroxide, and an 
aqueous phosphate solution of a non-calcium containing salt 
of phosphoric acid wirh phosphate cxmcentration of about 
0.2 mols/L or above in the absence of solid crystalline 
phosphoric acid. 

12. A calcium phosphate composition, which self-hardens 
to hydroxyapatite as the predominant product at ambient 
temperature, comprising a calcium phosphate salt having a 
calcium to phosphorus molar ratio of less than 5 to 3 which 
is other than tetracalcium phosphate, an additional source of 
calcium selected from the group consisting of calcium 
carbonate, calcium oxide and calcium hydroxide, water and 
a non-calcium Containing salt of phosphoric acid at a con- 
centration of about 0.2 mols/L or above in the absence of 
solid crystalline phosphoric acid. 

13. A self-setting calcium phosphate bone cement com- 
prising a mixmre of (1) calcium phosphate sak having a 
calcium to phosphorus molar ratio of less than 5 to 3 which 
is other than leiracalcium phosphate, C2) an additional 
source of calcium selected from the group consisting of 
calcium carbonate, calcium oxide and calcium hydroxide, 
and (3> an aqueous phosphate solution of pH of about 12.5 
or above with a concentration of phosphate of about 0.2 
mols/L or above, in the absence of solid crystalline phos- 
phoric acid. 

14. The method of claim 1 wherein the calcium phosphate 
salt is selected from the group consisting of dicalcium 
phosphate anhydrous, dicalcium phosphate dihydratc, ct-tri- 
calcium phosphate, amorphous calcium phosphate, octacal- 
ciora phosphate and (J-tricalcium phosphate. 

15. The method of claim 1 wherein the base employed to 
adjust the pl-l of the solution to about 12.5 or above is 
sodium hydroxide. 

16. The composition of claim 7 further including fluoride 
containing compounds such that the fluoride content of the 
composition is in an amount sufficient to increase the rats of 
formation of hydroxyapatite. 

17. The composition of claim 16 wherein the fluoride 
compounds arc selected ftura the group consisting of NaP 
CaF 2) SnFj, NaJPQaF. and Na^SifV 

IS. The composition of claim 16 wherein the fluoride 
content in the composition is about 3.8% by weight. 

19. The composition in claim 7 further including a seed 
crystal compound from the group consisting of HA and 
fluorapatite in art amount sufficient to reduce the setting time 
of the cement. 

20. A calcium phosphate cement thai is a tissue substitute 
having as a calcium phosphate component the composition 
of claim 7. 

21. A calcium phosphate cement that is a tissue substitute 
having as a calcium phosphate component the composition 
of claim 9. 
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22. A calcium phosphate cement that is a tissue substitute 
having as a calcium phosphate component the composition 
of claim 11. 

2.J. A calcium phosphate bone cement which self-Sets to 
liyctoxyapatite at ambient temperature and is substantially 5 
resorbable when implanted in contact, with living bone 
comprising the composition of claim 7. 

24. A calcium phosphate bone cement which self-sew to 
hydioxyapatite at ambient temperature and is substantially 
resorbable when implanted in contact with living bone io 
comprising the composition of claim 7. 

211 A calcium phosphate bone cement which self-gets to 
hydioxy&padne at ambient temperature and is substantially 
notable when implanted in contact with living bone 
cgmjjrising the composition of claim XL. is 

2*'. Toe composition of claim 7 further comprising an 
addiiivc selected from the group consisting of medicaments, 
filler materials , crystal adjusters, viscosity modifiers, pore 
forming agents, osteoinductive fee tors, bone morphogenic 
proteins and other proteins. 2o 

27. The composition of claim 26 further including gelling 
3gen:s. 

28. The composition of claim 27 wherein the gelling 
atfems are selected from die group, consisting of hydrox- 
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ypropyl meihylccllulose, cnrbwtyl metlrylccilulose, starch, 
proteoglycans, glycoproteins* 

29. The composition of claim 7 further including medi- 
caments such that the medicaments are released into the 
tnffc^ding living tissue over a period of time. 

30. The composition of claim 7 which includes filler 
materials in efficient amounts to increase the strength of the 
cement. 

_ 31. The composition of claim 30 wherein the filler mate- 
rials are selected from lie group of non- toxic biocompatible 
natural or synthetic polymers and non-toxic biocompatible 
metal. 

32. The composition of claim 7 further including pore 
fanning agents that form pores of a diameter effective to 
cause vascularization of tissue which infiltrates the compo- 
sition, 

33. The composidon of claim 32 wherein the pore form- 
ing agents arc materials that are sufficiently insoluble in the 
cement and can be removed by dissolution in physiological 
fluids, removed by solvents or healing after the hardening of 
the ccmenL 

***** 
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